Um método alternativo à pos-marcação com 32 P radioativo foi proposta para a determinação do aduto de desoxiguanosina monofosfato com epóxido de benzo [a]pirenodiol (dGMP-BPDE), um biomarcador para exposição humana à hidrocarbonetos policíclicos aromáticos (PAH) carcinogênicos, usando eletroforese capilar com fluorescência induzida a laser (CE-LIF). O instrumento CE-LIF modificado foi ajustado para operar com um laser UV de He/Cd (325 nm) para detecção da fluorescência nativa dos adutos de BPDE. O método foi linear por mais de três ordens de grandeza e apresentou limites de detecção de 2,5 × 10 -9 mol L -1 com relação sinal/ruído igual a 3 após diluições sucessivas do padrão de dGMP-BPDE. Neste nível de concentração, a recuperação foi de 1 aduto para cada 10 7 bases não modificadas. Os valores de CV% para ensaios inter-e intra-dias foi melhor que 7% e os estudos de recuperação em três níveis diferentes renderam valores em torno de 50%. Este método foi validado e aplicado pela primeira vez a determinação de dGMP-BPDE em amostras de sangue provenientes de trabalhadores rurais Brasileiros, os quais foram expostos a PAH na colheita de cana-de-açucar e fornos de produção de carvão vegetal.
Introduction
Human exposure to carcinogenic compounds such as polycyclic aromatic hydrocarbons (PAH) has been directly related to the incidence of cancer. 1 Such studies have related the development of cancer and other behavioral effects in population from highly polluted areas such as in iron foundry due the presence of the PAH. In Brazil, two typical cases in which workers are exposed to PAH are during the harvesting of the sugar-cane plantations and in charcoalproduction ovens. In order to make the process of harvesting easier, the whole sugar-cane crop is set on fire. The burning produces a large quantity of fly soot that remains for long time in suspension in the air, thus affecting all neighboring populations, or adsorbed to the burnt sugar-cane straw. The analysis of sugar-cane soot has shown the presence of high quantities of PAH, including benzo[a]pyrene, a potent carcinogenic and mutagenic compound. 2 Therefore, the workers employed for the harvesting process are potentially exposed to polynuclear aromatics substances. In the second case, in many instances in Brazil, charcoal is still used as an energy source. The production of charcoal is laborious and handcraft based. Hundreds of wood sticks and small logs are placed in 221 dGMP-BPDE DNA Adduct Investigation in Environmentally Exposed Rural Workers Vol. 16, No. 2, 2005 house-size brick ovens and are let burn not-to-completion. About half ton of charcoal is removed from the ovens by barely-dressed workers because of the excessive heat (hot weather plus the remaining heat from the oven). The whole environment is smoke and soot full, indicating that there is a high potential for PAH exposure. 3 Once in the organism, the PAH are initially activated through an oxidative metabolic pathway to electrophilic intermediates capable of covalent binding to DNA, thus forming DNA adducts. If such adducts are not cleaved and repaired by the organism, they may initiate gene mutations and lead to adverse health effects in humans. 4 Benzo[a]pyrene (BaP) is the most studied PAH due its high carcinogenicity and is metabolized to anti-7,8,9,10-tetrahydrobenzo[a]pyrene-7,8-diol-9,10-epoxide, commonly known as BPDE, which can react with DNA either in vivo or in vitro. 5 The adduct formation involves the reaction of the exocyclic amino group of guanidine to the benzylic carbon of the epoxide. Others PAH-DNA adducts are also formed but in lower proportions. 6 DNA adducts have been classified as biomarkers of the exposure of organisms to PAH, therefore the measurement of such adducts can determine the risk for cancer development. Assays for detection of DNA adducts have been carried out by 32 P-postlabeling 7 and immunoassays. 8 The most sensitive assay for DNA adducts analysis is the 32 Ppostlabeling method, which is capable of detecting adducts present at levels as low as 1 adduct in 10 9 -10 10 normal nucleotides. However, analysis by 32 P-postlabeling technique presents some disadvantages such as working with radioactive phosphorus and the time-consuming chromatographic separation procedures. Capillary electrophoresis (CE) is a technique that provides fast analysis time with superior separation efficiencies, ease of use, and low analysis cost. Several DNA adducts, especially PAH derivates such as BPDE, have been separated and analyzed by CE using UV, 9 mass spectrometry (MS), 10 and laser-induced fluorescence (LIF) detection. 11 Fluorescence detection methods are known to be very sensitive and when this detection mode is used together with CE low adduct levels can be detected. 12 The use of laser as an excitation source yields an increase in the fluorescence intensity; therefore LIF detection can increase the sensitivity of fluorescence-detection methods by several orders of magnitude, thus enabling CE-LIF as a viable tool to measure up to 1 adduct to 10 8 normal bases in theory. Even though several modes of CE have been used to separate DNA adducts formed in vitro, 13 CE has never been fully exploited as a validated analytical method for adduct determination in vivo. In this study, such analytical method was developed using CE with LIF detection to analyze dGMP-BPDE adduct in blood samples. Several figures of merit for the proposed analytical method were determined and the method was applied to the analysis of blood samples from rural workers environmentally exposed to PAH. Caution. It is well established that BPDE is a potent mutagenic and/or carcinogenic agent and should be handled with care.
Experimental

Reagents
Apparatus
Capillary electrophoresis Beckman P/ACE 5000 system (Fullerton, CA, USA) with laser-induced fluorescence (LIF) detection was used for DNA adducts analysis during method development. An Omnichrome He/Cd laser (Melles Griot, Carlsbad, CA, USA) was used for LIF excitation at 325 nm and a glass-made optical rejection filter at 375 nm (70% of transmittance) was used for selection of the fluorescent light. All separations were carried out using a polyvinylalcohol (PVA) coated fused-silica capillary column with suppressed electroosmotic flow (EOF). The capillary dimensions were 75 µm i.d. and 47 cm of total length (40 cm from injection to detection point).
Hydrodynamic injections conditions were 5 s at 0.5 psi (35 mbar) and the separations were conducted applying reverse polarity (-20 kV) at the injection end. Separation was carried out in a medium with 50 mmol L -1 Tris-TAPS pH 8.3 buffer. The electrophoresis conditions were optimized and details were given elsewhere. 13 
Synthesis of adduct standard with 2'-deoxyguanosine 5'-(mono)phosphate (dGMP)
The deoxynucleotide dGMP (40 mg) was mixed with 1 mL of 10 mmol L -1 Tris-HCl buffer (pH 7.0) and this solution was added to a solution containing 500 µg of (±)-anti-BPDE in 0.45 mL of acetone. This reaction mixture was then incubated overnight at 37 °C. The excess of BPDE that did not react with dGMP was removed from solution with three extractions with ethyl acetate and one extraction with diethyl ether. 14 The separation of unmodified nucleotides from modified nucleotides (adducts) was carried out with SPE cartridges containing 100 mg of C18 phase (Amersham Life Sciences, Buckinghamshire, UK). This purification was conducted adding 500 µL of the adduct solution in the cartridge and then 2 mL of water for elution of the unmodified nucleotides and 2 mL of water/ methanol (6:4 v/v) for elution of the modified nucleotides. The methanol from this fraction was totally evaporated and 100 µL of 5 mmol L -1 Tris-TAPS pH 8.3 buffer was added. Details for the synthesis and the purification development are presented elsewhere. 15 
Method validation Calibration curve: linearity, limits of detection (LOD) and quantitation (LOQ).
For quantitative analysis a calibration curve was obtained by successive dilution of the adduct stock solution which was prepared by taking an aliquot of 500 µL of the adduct standard solution after the purification and diluted three-fold to a total volume of 1.5 mL. In order to determine the concentration of the adduct in the stock solution, a UV-Vis spectrum was obtained. The adduct concentration was calculated measuring the maximum absorption at 345 nm. Using the molar absorption coefficient (ε) of the 2.9×10 4 L mol -1 cm -1 obtained from the literature, 16 the concentration value for the adduct stock solution was 2.9×10 -5 mol L -1 . The following concentrations were obtained by dilution with water until a given concentration corresponded to the detection limit (3 times the signal/noise ratio). The linearity of the calibration curve was evaluated over a concentration range from 2.5×10 -9 mol L -1 to 6.3×10 -6 mol L -1 . All analyses were carried out in triplicates. Precision and accuracy. The intra-and inter-day precision analyses were carried out by adding three adduct concentration levels in the DNA extracted from calf blood (control sample). Intra-day analysis was carried out in triplicate in the same day and the inter-day analysis was carried out in triplicate in three consecutives days. The concentration levels of added dGMP-BPDE used for precision evaluation were: 6.3×10 
Recovery of dGMP-BPDE by solid-phase extraction.
The assessment of the recovery for the analytical method was made in two steps. The first experiment was carried out with the addition of three adduct concentration levels in a solution containing DNA retired from calf blood and before of the digestion of DNA into nucleotides. In the second experiment the addition of the adduct solution was carried out after the digestion of DNA, but before of the purification step. In this way, it was possible to sort out the contribution of each step in the overall recovery. The analyses were carried out in triplicate for three adduct concentrations: 6.3×10 -9 , 1.9×10 -8 , and 5.0×10 -8 mol L -1
.
Sample preparation
Blood sampling and isolation of leukocytes. Rural workers from both the sugar-cane plantation and charcoal production volunteered for blood donation of samples. Three samples were taken from 15 different workers. In a Vacutainer™tube, approximately 5 mL of blood was drawn and 20 mL of solution A (20 mmol L -1 Tris-TAPS buffer (pH 7.6), 20 mmol L -1 NaCl, and 10 mmol L -1 MgCl 2 ) was added. The resulting solution was mixed and centrifuged for 10 min at 2500 rpm. The supernatant was discarded and another 10 mL aliquot of the solution A was added and the precipitate was mixed and centrifuged. This procedure was repeated until it was obtained only leukocytes. The final precipitate was suspended with 500 µL of a solution A and centrifuged by 10 min at 10000 rpm and the supernatant was discarded before the next step.
Extraction of DNA. After discarding the supernatant, the precipitate was suspended with 500 µL of a solution B, (10 mmol L -1 Tris-TAPS (pH 8.0), 100 mmol L -1 NaCl, 10 mmol L -1 EDTA pH 8.0, 20% SDS and 20 units Proteinase K). The solution was heated to 55 ºC for 6 h and after that it was added 500 µL of solution B and 316 µL of 5.0 mol L -1 NaCl. The resulting solution was centrifuged for 20 min at 10000 rpm and the supernatant was transferred to two tubes of 1.5 mL. To this solution it was added 200 µL of 70% cold ethanol and centrifuged for 10 min at 10000 rpm. The supernatant was discarded and it was added 250 µL of 10 mmol L -1 Tris-TAPS pH 7.6 and 1 mL RNase. This solution was heated to 37 ºC for 1 h. The total DNA was quantitated by measuring the maximum absorption at 260 nm and calculated according to the ratio of 1 absorbance unit for 50 µg ml -1 of DNA. DNA digestion. For each mg of DNA it was added 260 Kunits of DNase and the solution was heated to 37 ºC for 6 h. After digestion, 1 mL of 0.1 mol L -1 Tris-TAPS pH 9.0 and 0.1 units of snake venom phosphodiesterase was added. This solution was heated to 37 ºC for 48 h.
Purification of the adduct. The DNA extracted from 223 dGMP-BPDE DNA Adduct Investigation in Environmentally Exposed Rural Workers Vol. 16, No. 2, 2005 blood samples from workers was digested and purified in order to obtain only dGMP-BPDE adduct biomarker. The unmodified nucleotides were separated from modified nucleotides as previously described and the resulting fraction was evaporated to a final volume of 100 µL.
Results and Discussion
In this study a method for DNA adducts analysis by CE-LIF was developed. The blood samples utilized were obtained from rural workers known to be occupationally exposed to PAH either during sugar-cane harvesting or in charcoal-production ovens. Initially, a standard of dGMP-BPDE adduct was synthesized, purified, and spectroscopically characterized in-house. 15 The purified standard was used to prepare the stock solutions as well as was used in the method development and validation. The separation conditions were previously established and several CE modes of separation were evaluated in terms of sensitivity, efficiency and analysis time. 13 Figure 1 shows the calibration curve obtained from dGMP-BPDE adduct analysis by CE-LIF for both peak height and peak area as a function of adduct molar concentration. The concentration range of adduct was varied from 2.5×10 -9 mol L -1 to 6.3×10 -6 mol L -1 and the linearity was better than r = 0.998 over three decades in molar concentration. The calibration curves were constructed based on peak height vs. concentration and peak area vs. concentration in order to compare the method that would yield best figures of merit. Although the linearity was fairly the same in both cases, it is possible to see that the lower adduct concentration (the effective limit of detection) presented an value of area which deviates from linearity while the correspondent value in peak height is well fit by the linear regression curve. This is due to difficulties in defining the start-stop integration peak parameters at the detection limit, therefore, peak height was the analytical parameter used throughout the validation and analysis. As described, the adduct stock solution was successively diluted in order to reach a measurable detection limit and not only and estimation based on extrapolation of a concentrated adduct level. The LOD was 2.5×10 -9 mol L -1 considering a signal/noise ratio of 3 based on peak-to-peak noise. Using the same approach, the quantitation limit found was 7.5×10 -9 mol L -1 . Such detection limit represents an approximate measurement of 1 adduct to 10 7 nucleotides. The intraand inter-day precision data are presented in the Table 1 . For this study, three concentrations were used to evaluate the precision of the method. The RSD values for the intraday assay for both migration time and peak height were calculated and presented values ≤ 0.50% and 5.00%, respectively. For the inter-day experiment, the RSD values were ≤ 0.75% and 7.00%, respectively for migration time and peak height. Such results are satisfactory and comply with current regulations. 17 The studies for recovery of the adduct were carried out in two experiments. In a first experiment three concentrations of dGMP-BPDE adduct were added in a solution of calf DNA before the DNA digestion. In the second experiment the same concentrations of dGMP-BPDE adduct were added in a solution of DNA calf after DNA digestion, therefore, before the SPE extraction and clean-up. The results are presented in the Table 2 and show a maximum recovery of 53% for the highest level with spiking of the adduct before the SPE procedure. Although it may appear that such recoveries are low similar values were found by Norwood in his detailed study. 9 This relatively small recovery values could be due to some degradation of the adduct with its manipulation. Nevertheless, it is clear that the SPE procedure alone contribute less to the RSD than the two steps combined, i.e., digestion of DNA and the SPE clean-up. What was interesting to note was that this SPE procedure was absolutely the same one used to purify the dGMP-BPDE adduct and no other peak was observed when the adduct alone, or spiked to a blank sample, was analyzed. 15 In Figure 2 is presented the electropherograms obtained from the calf blood DNA (Figure 2a ), used as a control blank sample, and the same blank spiked with dGMP-BPDE standard to a final concentration of 5.0×10 -8 mol L -1 ( Figure  2b ) to evaluate selectivity and sensitivity. The addition of the standard dGMP-BPDE adduct in the blank solution produced only an intense peak in 14.7 min, as expected. The signal/noise ratio obtained in Figure 2b was about 30, roughly, 10 fold the LOD. The recovery studies were carried out at three different adduct levels, 6.3×10 In all separations in Figure 3 , regarding the recovery of spiked adduct in the DNA extracted from blood, it was possible to detect various peaks, which were not detected in the blank sample (Figure 2a ) neither in the adduct standard. 13 Such peaks could be due to the degradation of the added adduct during the process of digestion and the -13 moles of adduct standard. dGMP-BPDE peak is labeled with an asterisk (*). Analysis conditions were the same as in Figure 1 . 225 dGMP-BPDE DNA Adduct Investigation in Environmentally Exposed Rural Workers Vol. 16, No. 2, 2005 SPE purification and are the reason for relatively low recovery levels (ca. 50%). The total fluorescence was not integrated since there is no evidence about the quantum yield of each peak being detected. Evidently, all peaks must be BPDE and BPDE-adduct degradation products to exhibit fluorescence at this excitation wavelength (325 nm). Since two peaks were present at nearly the same migration time of the adduct in the recovered samples, in order to proceed with the quantitation, we have spiked a similar amount of adduct to the recovered samples. In this way, we could be sure to pick the right peak for quantitation. All peaks labeled with an asterisk (*) represented the dGMP-BPDE adduct.
Method validation
Analysis of DNA from rural workers environmentally exposed to PAH
Blood from workers environmentally exposed to PAH were collected by certified nurses. All workers were volunteers for blood donation and completed a donation query in an anonymous manner. For every donor, three Vacutainer™ flasks of 5 ml each were drawn; one flask was submitted to clinical analysis for diagnostics of any contagious disease, one flask was submitted to DNA extraction, and the last flask was kept in ultra-low temperature freezer after separation of blood. From the 15 samples, 6 samples were obtained from the sugar-cane harvesting workers while 9 samples were obtained from workers from the charcoal-production ovens. Randomly, 10 out 15 samples were taken and submitted to the proposed method for analysis of dGMP-BPDE by CE-LIF.
In analysis of environmental and occupational human exposure, the evaluation of the exposure risk is determined by number of modified nucleotide bases in relation to the normal, non-modified bases. 18 The exposure level varies from 1 adduct in 10 6 to 10 9 normal bases. Assuming that the concentration of adduct formed in the organism of 1 adduct formed in 10 7 normal bases being of considerably high risk for cancer development, 1 the DNA extraction from 10 mL of blood yields about 2 mg of DNA. Therefore, the quantity of adduct should be 400 pg or 600 femtomoles. 19 Considering that the sample volume after purification was 100 µL, the adduct concentration would be of 6.0 × 10 -9 mol L -1 , which is within the LOD, however, below the LOQ. Figure 3 presents a representative electropherogram from a sample obtained from a worker exposed to PAH. All samples from workers gave similar results and no dGMP-BPDE adduct was detected. It can be seen, however, a peak in ~6 min, which could also be seen in the blank sample (Figure 2a) . The peak referent to the dGMP-BPDE was not detected, indicating that the workers environmentally exposed to PAH may present dGMP-BPDE adduct marker at concentrations below the LOD for the present methodology. It is important to point out that in this work, the sample was dissolved in diluted buffer, and no on-column preconcentration mechanisms (such as sample stacking) were used, thus leaving some opportunity for improvement to lower even further the detection limits. Nevertheless, at the present sensitivity level, the assessed risk for cancer development can be considered low 1 and the studied method would be suitable as is.
Conclusions
Capillary electrophoresis with laser-induced fluorescence detection has shown to be a powerful and sensitive technique for the detection of dGMP-BPDE adducts, as well as other DNA adducts and biomarkers of human exposure to carcinogenic and mutagenic substances. The Brazilian rural workers, although working in very unpleasant conditions and exposed to PAH, apparently are not developing a high risk of cancer development since no sample presented dGMP-BPDE above the detection limit. However, this is an important subject matter and a more comprehensive study, with a larger population should be carried out.
